GSK3191607, a novel inhibitor of the Plasmodium falciparum ATP4 (PfATP4) pathway, is being considered for development in humans. However, a key problem encountered during the preclinical evaluation of the compound was its inconsistent pharmacokinetic (PK) profile across preclinical species (mouse, rat and dog), which prevented reliable prediction of PK parameters in humans and precluded a well-founded assessment of the potential for clinical development of the compound. Therefore, an open-label microdose (100 μg, six subjects) first time in humans study was conducted to assess the human PK of GSK3191607 following intravenous administration of [14C]-GSK3191607.
Introduction
Malaria is a major global disease caused by the protozoan parasite Plasmodium, and is transmitted by infected female Anopheles mosquitoes. Plasmodium falciparum is accountable for the highest mortality in malaria whereas Plasmodium vivax is associated with high morbidity. Half of the world's population are at risk of malaria and in 2015 there were around 212 million cases of malaria and approximately 400 000 deaths [1] .
The effectiveness of current antimalarial therapy is under continuous threat through the spread of resistant Plasmodium strains, and even the most recent class of antimalarial drugs used in the current standard-of-care regimens (ACT: artemisinin combination therapies) are now showing evidence of clinical failure [2] [3] [4] [5] . Consequently, there is a clear and urgent need to identify new therapies with a novel mechanism of action. Such new treatments must be efficacious against current resistant strains, display a rapid onset of antimalarial effects and demonstrate activity against different stages of parasite lifecycle.
New potential antimalarial leads have been discovered by phenotypic screening, which involves testing compounds for their activity directly against the Plasmodium parasite in vitro [6] [7] [8] . By use of high throughput screening methodology, approximately two million compounds from the GlaxoSmithKline (GSK) corporate collection were screened for activity against blood stages of P. falciparum. Over 13 533 potential antimalarial hits were identified and recently published as the Tres Cantos Antimalarial Set (TCAMS) [9] . To identify antimalarials with the potential to block the transmission of malaria, a new assay capable of screening compounds for their inhibitory activity against mature gametocytes was also developed and used to screen the TCAMS compounds [10] . This screening strategy is expected to enhance the identification of molecules that have the best chance of achieving efficacy against malaria while also having a lower risk of attrition during development.
As a result of the above screens, the quinazolinedione compound series emerged as a promising family with dual activity -both against blood stages of the parasite (schizonticidal) and against mature gametocytes (gametocytocidal). After a lead optimization effort, GSK3191607, from this series, was identified for possible progression into humans due to its excellent in vitro and in vivo (P. falciparum mouse model) potency as well as other qualities favourable to drug development (GSK data on file). It displayed a novel, but already clinically proven mechanism of action -inhibition of the PfATP4 pathway, which has been implicated in the regulation of sodium homeostasis in the parasite P. falciparum [11] [12] [13] [14] . No PfATP4 inhibitors are yet approved for clinical use, although some are in development [14] [15] [16] .
GSK3191607 had not been administered in humans prior to the current study. Studies of GSK3191607 in the mouse, rat and dog (GSK data on file) showed inconsistency in the PK profiles across the species studied. As a result, various methods of allometric scaling of the preclinical pharmacokinetic (PK) parameters produced a wide range of predicted values for humans (Table 1) . Notably, the predicted terminal elimination half-life of GSK3191607 in humans varied from as short as 2 h to close to 300 h. A very short half-life in humans (e.g. 2-5 h) would make the compound unsuitable for progression into clinical development due to high risk of therapeutic failure as a consequence of insufficient systemic exposure upon once daily administration in a standard 3-day course of antimalarial therapy. As an example, KAE609 (Cipargamin), a compound with the same mechanism of action, is considered appropriate for a 3-day treatment course based on its half-life of 20.8 h (range 11.3-37.6 h) [14, 15] . By contrast, a long half-life (e.g. >96 h, two parasite life cycles) may result in sufficient exposure for efficacy after only a single dose -a highly desirable profile for a new antimalarial drug. The extremely wide range of predicted half-lives for GSK3191607 in humans, spanning the spectrum from unsuitable for clinical development to highly desirable, precluded an informed decision on progression of the compound. Furthermore, it was deemed unlikely that additional preclinical work would Table 1 Scaled pharmacokinetic parameters in human from the various preclinical species
Parameter
Scaled human range
V ss (l kg -1 ) 1. 5-20.5 allow prediction of human PK parameters, including halflife, with a greater confidence. As a result, a human microdose study was conducted to investigate the clinical PK of GSK3191607 and enable a Go/No Go decision on further progression of the compound based on knowledge of its actual half-life in humans. A microdose study can achieve these objectives while being associated with reduced risk to the human subjects, reduced animal use and drug requirements as compared to a conventional approach to first time in human [17] [18] [19] [20] [21] . In addition, this approach considerably reduces the investment of effort and funds into the costly and extensive good laboratory practise (GLP) toxicology package required to support a conventional first time in human study by requiring only a single dose GLP study in rodents, and therefore, it can subsequently allow for such an investment to be avoided altogether if a No Go decision is made. The decision was made to conduct this study using intravenous (IV) administration of GSK3191607 for reasons discussed later. 
Methods

Study population
Six healthy, male subjects aged between 18 and 55 years (inclusive), with body weight ≥50 kg and body mass index between 19.0 and 31.0 kg m -2 (inclusive) were enrolled into this study. Subjects with clinically relevant abnormalities in vital signs, electrocardiography or laboratory parameters were not allowed into the study. Subjects with exposure to significant radiation within the prior 12 months, particularly in relation to 14 C, were also excluded to avoid elevation of endogenous radiocarbon in the subjects which could interfere with the sample analysis being dependent upon measurement of the [ 14 C]-GSK3191607 (present as a tracer in the dose) and subsequent radioactive drug-related material.
Study design
This was an open-label, single-centre, single arm study comprising a screening visit, one treatment period, eight subsequent outpatient visits, and a follow-up visit. Subjects underwent screening procedures within 30 days prior to dosing including a provision of a blood sample for assessment of endogenous 14 C content.
Subjects who met the inclusion and exclusion criteria were admitted to the unit on the day prior to dosing and stayed resident in the unit until after their assessments at 48 h after dosing. On the day of dosing, after an overnight fast of at least 8 h, subjects received 100 μg [ 14 C]-GSK3191607 (7.4 kBq) by IV infusion over 15 minutes.
Serial blood samples for parent GSK3191607 and radioactive drug-related material (total radioactivity) PK analysis were collected into ethylenediaminetetraacetic acid tubes at the following times relative to the start of infusion: predose, and 0.25, 0.75, 1.5, 3, 6, 8, 12, 16, 24, 48, 72, 96 , 120, 168, 216, 264, 312 and 336 h. Urine for total radioactivity analysis (for assessment of renal excretion of radioactive drug-related material) was also collected during the following time periods: 0-24 and 24-48 h. Subjects returned to the unit for outpatient visits during the next 13 days for PK blood sample collection. Safety and tolerability were assessed throughout the study.
Quantification of total drug-related radioactivity in human urine, whole blood and plasma samples
Total radioactivity measurements in urine samples (aliquot volume of 1 ml) were determined by liquid scintillation counting using an external standardization method. The lower limit of quantification (LLoQ) for total radioactivity in urine (based upon the specific activity of the radioactive GSK3191607 dosed to the subjects) was 1.3 ng equivalents of GSK3191607 ml -1 urine.
Total radioactivity measurements in whole blood (blood: water) and plasma derived from blood, were measured initially by liquid scintillation counting for screening purposes and subsequently by direct analysis by accelerator mass spectrometry following preparation to graphite (sample aliquots of 50 μl) as described in a previous publication [22] . The LLoQs for total drug-related radioactivity in blood and in plasma were 39.8 and 15.4 pg equivalents of GSK3191607 ml -1 , respectively.
Bioanalysis -quantification of parent GSK3191607 in plasma
Concentrations of parent GSK3191607 in plasma (1 ml) were analysed using a validated liquid chromatography followed by accelerator mass spectrometry method. The method was validated in accordance with GSK standard operating procedures based upon published best practices [23] . The LLoQ for GSK3191607 in plasma was 0.94 pg ml -1 (0.94 ng l -1 ).
Pharmacokinetic analysis
Plasma GSK3191607 and whole blood and plasma total radioactivity concentration-time data were analysed by noncompartmental methods with WinNonlin Version 6.3 [24] . Calculations were based on the actual sampling times recorded during the study. From the plasma GSK3191607 concentration-time data and total radioactivity (whole blood and plasma) data, the following PK parameters were determined: maximum observed plasma concentration (C max ), time to C max (t max ), area under the plasma concentrationtime curve [AUC (0-t) and AUC (0-∞) ], terminal phase rate constant (λz) and apparent terminal phase half-life (t½). In addition, clearance (CL) and volume of distribution at steady-state (V ss ) were determined from the plasma GSK3191607 concentration-time data. Furthermore, the amount (Ae) and percentage of dose excreted in urine (fe) was calculated for each subject. For each of the estimated parameters, summary statistics were calculated. Dose prediction analysis was performed utilizing the human microdose PK parameters, in addition to the in vivo efficacy preclinical parameters. The details of the dose prediction are discussed in the Supporting Information. Briefly, the microdose PK parameters were used in the simulations for dose prediction. As the microdose study was an IV study, oral absorption rate constant was assumed (KA = 0.5 h -1 ). A theoretical calculation of the oral bioavailability parameter (F, discussed below) of GSK3191607 provided an estimated F = 59%. The minimal parasiticidal concentration was calculated to be 0.017 μg ml -1 based on the in vivo efficacy study of GSK3191607 in the SCID (severe combined immunodeficiency) mice model. Safety limits were calculated based on the non-GLP studies conducted in rodents. The dose prediction aim was to predict the dosing regimen that provides blood concentrations that stay above minimal parasiticidal concentration for 3 days while maintaining safe AUC and C max . The evaluated dosing regimens included once daily for 1 day (i.e. single dose), twice daily for 1 day, and once daily for 3 days.
Results
The demographics of the study population are summarized in Table 2 . The sample population were all men and had a mean [standard deviation (SD)] age of 35.2 (9.91) years. The mean (SD) weight for the subjects was 84.8 (8.30) kg, while the mean (SD) body mass index was 26.2 (2.74) kg m -2 . Four of the six enrolled subjects were white, one was Asian, and one was Black or African American. The mean (± SD) plasma GSK3191607 concentrationtime profile is displayed with nominal time on a semilogarithmic scale in Figure 1 . The geometric mean of GSK3191607 C max administered as a 100 μg single microdose by IV infusion reached 2889 ng l -1 . The geometric mean AUC (0-inf) and AUC (0-t) of GSK3191607 were comparable at approximately 2500 h ng l -1 . The geometric mean t½ of GSK3191607 was approximately 17 h. Total plasma clearance was 39 l h -1 and V ss was 379 l. Variability expressed as %CVb was generally low and ranged from 14 to 20% for AUC and C max parameters ( Table 3) . The PK parameters estimated for GSK3191607-related total radioactivity in plasma and total radioactivity in blood are summarized in Table 4 . The GSK3191607-related total radioactivity in plasma geometric mean C max was 1.4-fold higher when compared to the plasma GSK3191607 C max . Additionally, the geometric mean of total radioactivity in plasma AUC (0-inf) and AUC (0-t) were 3.3-and 3.0-fold higher than the corresponding plasma GSK3191607 parameters. The geometric mean t½ for total radioactivity in plasma was 26 h. The geometric mean C max of GSK3191607 total radioactivity in blood was 1.6-fold higher in comparison to the plasma C max . The geometric mean of GSK3191607 total radioactivity in blood AUC (0-inf) and AUC (0-t) were both Figure 1 Mean (± standard deviation) plasma GSK3191607 concentrationtime profile. Please note that concentrations expressed in ng l -1 are equivalent to pg ml
Utility of microdose studies in drug development decision making approximately 3.8-fold higher than the corresponding plasma parameters. The mean t½ for total radioactivity in blood was approximately only 3 h. This short half-life could be explained by the observation that the higher LLoQ for blood radioactivity probably truncated the profile and did not allow accurate determination of the terminal half-life. Around 31% of the 100 μg GSK3191607 dose was excreted in urine within 48 h of dose administration, based on the recovery of total radioactivity in urine.
The results of dose prediction are provided in the Supporting Information. In summary, results of the data modelling demonstrated that the first two dosing options (one or two doses for 1 day) were not feasible when the preclinical pharmacodynamic data as well as the preclinical toxicology data and proposed safety margins for human dosing are considered. However, a once per day dosing for 3 days showed a potential for achieving the target efficacy while maintaining acceptable safety margins (especially AUC).
Administration of GSK3191607 appeared to be well tolerated in this study as no clinically significant adverse events, electrocardiography or laboratory abnormalities related to the treatment were reported or observed.
Discussion
This microdose study with GSK3191607 provided results that do not support further clinical development of the compound for a single dose cure. However, the PK profile, based on the microdose data, demonstrated a half-life (~17 h) similar to that of KAE609, a PfATP4 inhibitor currently in clinical development (~21 h) [14, 15] . The PK disposition parameters estimated from the microdose study, combined with preclinical in vitro and in vivo pharmacodynamic parameters, were all used to estimate (posthoc) the potential efficacy of various oral dosing regimens in humans. Additionally, the theoretical estimated value for the absolute bioavailability parameter estimated from the microdose study, was used in these post-hoc simulations. Results of the dose prediction simulations demonstrated that neither single dose (single dose for 1 day) nor two doses for 1 day can achieve the efficacy target while maintaining the safety margins. However, a once per day dosing for 3 days showed a potential for achieving the target efficacy while maintaining the safety margins. Nevertheless, as a shorter dosing regimen is not feasible, GSK3191607 is not expected to offer an advantage over similar compounds in a more advanced stage of development (e.g. KAE609), especially considering that these compounds demonstrate more extended half-lives. Therefore, a decision was made to terminate further development of GSK3191607.
Predictions of human PK based on microdose studies have been shown to provide better concordance with observed actual PK clinical data than predictions by other methods (e.g. allometry). A recent evaluation of several allometric methods was conducted on 108 compounds by the Pharmaceutical Research and Manufacturers of America (PhARMA) [25] .This analysis demonstrated that even with Table 3 Summary of calculated human GSK3191607 parameters Pharmacokinetic parameter of plasma GSK3191607 Geometric mean (%CVb) Table 4 Summary of GSK3191607 Total Radioactivity parameters in Blood and Plasma
Pharmacokinetic parameter
Total radioactivity in blood geometric mean (%CVb)
Total radioactivity in plasma geometric mean (%CVb) the best prediction method evaluated, the AUC in humans was only well predicted in approximately 45% of the investigated compounds. The study also demonstrated that allometric scaling methods resulted in predicting PK time-concentration curve shapes with high or medium high accuracy for only 20% of the compounds. By contrast, results from microdose studies are highly predictable of PK parameters and time-concentration curve shapes, although the prediction accuracy is dependent on the route of administration [26] . With IV administration, PK parameters were scalable within a factor of two-fold between a microdose and the therapeutic dose for all of the drugs studied (i.e. 100% success rate); in contrast, 62% of orally dosed drugs showed PK scalable within a factor of 2-fold and 85% within a factor of 3-fold [27] . The decrease in prediction accuracy with oral dosing can be attributed to the fact that, in some cases, the assumption of dose-exposure linearity across doses (from microdose to therapeutic doses) is proven incorrect [17] . PK nonlinearity can be attributed to several factors including saturation of metabolizing enzymes, drug transporters or protein binding [28] . Another possible source of this nonlinearity is target-mediated disposition; however, this is more commonly seen with biologics rather than with small molecule compounds [27] . With the oral route, a major source of nonlinearity is saturation of gut wall absorption with higher doses resulting in underprediction of oral therapeutic dose in the failed prediction cases [26, 29] . As nonlinearity is rarely seen with IV dosing, the current study provides high confidence for the predictions of the GSK3191607 PK parameters at higher (e.g. therapeutic) doses. GSK3191607 is being developed for oral treatment of malaria; therefore, an oral microdose study is intuitively appealing. However, GSK3191607 is a P-glycoprotein (P-gp) substrate. P-gp is an intestinal efflux transporter that affects the absorption process in a saturable fashion (i.e. its limiting effect on absorption may be quantitatively important at very low doses, but is not likely to be significant at higher doses) [30] . Consequently, an orally administered P-gp substrate may exhibit nonlinearity between dose and exposure in the range from microdose to higher (therapeutic) doses. Therefore, as PK results from an oral microdose would not be extrapolated to higher oral doses with confidence, an oral microdose of GSK3191607 was not investigated in this study. The plasma clearance of GSK3191607 was estimated (posthoc) to be moderate (~60% of liver plasma flow). The cumulative urinary excretion of total radioactivity of GSK3191607-related material represented about 31% of the administered dose. This indicates that most of the compound related material is likely to be cleared hepatically via excretion into the bile (or possibly directly secreted into the gastrointestinal tract) following IV administration. The volume of distribution estimate (379 l) is much larger than total body water volume (42 l), signifying extensive tissue distribution of GSK3191607. The combination of moderate clearance and large V ss resulted in a half-life of elimination of GSK3191607 of 17 h.
A theoretical calculation of the likely range of oral bioavailability of GSK3191607 can be performed posthoc based on the IV data alone using the following equations:
where E h : hepatic extraction, CL: plasma clearance, Qhp: liver plasma flow = 65 l h -1 (typical value based on study subjects' weights); fe: fraction renally cleared; F: oral bioavailability; F a : fraction absorbed in the gastrointestinal tract; F g : fraction escaping metabolism by the gastrointestinal tract; F h : fraction escaping metabolism by the liver. Metabolism of GSK3191607 was not investigated in this study; therefore, as total radioactivity in urine could be attributed to the drug itself or to its metabolite(s), it provides the upper limit for fe; therefore, fe for GSK3191607 can vary between 0 and 0.31. The range obtained for F h of GSK3191607 (F h = 1 -E h ) is therefore 41-59%.
F a and F g in humans are unknown for GSK3191607. However, in nonclinical studies, the oral bioavailability of GSK3191607 has varied from 24% in rats to 83% in mice and~100% in dogs (data on file at GSK). These results imply that the product F a * F g is at least 0.24 in rats, at least 0.83 in mice and close to 1.0 in dogs. Assuming F a * F g in humans is not outside the range seen in animals; the theoretical range for F in humans is approximately 10-59%.
The geometric mean of plasma AUC (0-t) ratio (GSK3191607 / plasma total radioactivity) was 34%, indicating that GSK3191607 accounted for~34% of total circulating drug-related radioactivity in plasma following IV administration. This suggests that the remaining 66% may be attributable to a metabolite, or metabolites, of GSK3191607. Plasma half-life, following 100 μg IV dose derived from GSK3191607 was 17 h compared to 26 h derived from plasma total radioactivity, indicating that metabolite(s) probably contributed to the longer residence time and hence longer estimated half-life of elimination for total radioactivity.
In conclusion, the information generated by this IV dose microdose study provides support for termination of the clinical development of GSK3191607 by the oral route of administration based on the short half-life for a single dose cure. The study is an example of using microdosing to enable progression or termination (Go/No Go) decisions in drug development when the preclinical information alone does not allow such decisions to be made with confidence.
